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Using  a  modified  chemical  vapor  deposition  (CVD)  method,  we  have  prepared  a  class  of  new  graphene 
foams  (GFs)  doped  with  nitrogen,  boron  or  both.  Nitrogen-doped  graphene  foams  (N-GFs)  with  a 
nitrogen  doping  level  of  3.1  atom%  were  prepared  by  CVD  of  CH4  in  the  presence  of  NH3  while  boron- 
doped  graphene  foams  (B-GFs)  with  a  boron  doping  level  of  2.1  atom%  were  produced  by  using  toluene 
and  triethyl  borate  as  a  carbon  and  a  boron  source.  On  the  other  hand,  graphene  foams  co-doped  with 
nitrogen  (4.5  atom%)  and  boron  (3  atom%)  (BN-GFs)  were  prepared  by  CVD  using  melamine  diborate  as 
the  precursor.  In  all  cases,  scanning  electron  microscope  (SEM)  images  revealed  well-defined  foam-like 
microstructures,  while  electrochemical  measurements  showed  much  higher  electrocatalytic  activities 
toward  oxygen  reduction  reaction  for  the  doped  graphene  foams  than  their  undoped  counterparts. 


1.  Introduction 

Graphene,  two-dimensional  (2D)  single-atomic  layer  graphite, 
has  been  demonstrated  to  show  superior  thermal,  electrical,  and 
mechanical  properties,1-5  along  with  a  high  surface  area.6  Due  to 
the  presence  of  strong  covalent  bonding  in  the  carbon  plane  and 
the  much  weaker  van  der  Waals  interaction  in  the  transverse 
direction  between  the  layers,  graphene-based  materials  exhibit 
strong  direction-dependent  thermal  and  electrical  transport 
properties  with  extremely  low  out-of-plane  conductivities.  In 
order  to  extend  the  unique  properties  of  graphene  into  the  third 
dimension,  we  have  recently  prepared  3D  pillared  carbon  nano¬ 
tube  (CNT)-graphene  networks  comprising  alternating  layers 
of  graphene  sheets  and  vertically-aligned  carbon  nanotubes 
(VA-CNTs)  to  facilitate  thermal/electrical  transport  along  both 
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in-plane  as  well  as  out-of-plane  directions  with  respect  to  the 
graphene  sheets.7  These  inherently  nanoporous  3D  pillared 
VA-CNT-graphene  architectures  with  large  surface  areas  have 
been  demonstrated  to  be  useful  electrode  materials  for  advanced 
supercapacitors.7 

Recently,  Chen  and  co-workers8  have  reported  on  the  devel¬ 
opment  of  graphene  foams  (GFs),  a  new  class  of  3D  graphene- 
based  materials.  Similar  to  the  3D  pillared  VA-CNT-graphene 
architectures,  the  unique  3D  network  structure,  high  specific 
surface  area  and  excellent  electrical  and  mechanical  properties 
of  GFs  should  also  enable  a  wide  variety  of  exciting  applica¬ 
tions,  including  new  materials  for  energy  conversion  and 
storage,  thermal  management,  potential  high-performance 
nano/microscale  integrated  devices,  multifunctional  materials 
for  aerospace  systems,  security  sensors,  to  name  a  few.  To  our 
best  knowledge,  however,  the  possibility  for  preparing  graphene 
foams  doped  with  hetero-atoms  (e.g. ,  N-doping,  B-doping,  or  N 
and  B  co-doping;  designated  as:  N-GF,  B-GF  or  BN-GF)  by  the 
CVD  method  has  not  been  exploited.  The  doping  of  GFs  with 
heteroatoms,  if  realized,  should  further  extend  their  potential 
applications,  as  demonstrated  by  recent  work  on  carbon  nano¬ 
tubes  and  graphene  doped  with  hetero-atoms,  including  N  and 
B,  for  oxygen  reduction  with  high  electrocatalytic  activity,  long¬ 
term  operation  stability,  and  tolerance  to  methanol  crossover/ 
CO-poisoning  effects.9-11  By  modifying  the  CVD  method 
reported  by  Chen  and  co-workers,8  we  successfully  prepared 
the  N-GF,  B-GF,  and  BN-GF  materials.  Herein,  we  report  the 
synthetic  procedures,  along  with  the  structural  and  property 
characterization  of  the  resultant  3D  B,N-doped  graphene  foams 
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as  well  as  the  detailed  demonstration  of  their  use  as  metal-free 
oxygen  reduction  reaction  (ORR)  electrocatalysts. 

2.  Experimental 

Preparation  of  graphene  foams  (GFs)  and  N-doped  graphene 
foams  (N-GFs)  by  CVD 

The  heteroatom-free  pure  carbon  graphene  foams  (GFs)  were 
produced  according  to  the  reported  method.8  Detailed  proce¬ 
dures  for  preparing  the  N-GFs  are  as  follows:  to  start  with,  a 
nickel  foam  (INCO,  Advanced  Technology  Materials  (Dalian) 
Co.,  Ltd.  Pore  size:  590  pm)  was  heated  up  to  1000  °C  in  a 
horizontal  quartz  tube  under  Ar  (500  standard  cubic  centi¬ 
meters  per  minute  (SCCM))  and  H2  (200  SCCM)  and  kept 
in  situ  for  5  min  to  clean  up  its  surface  and  remove  a  thin 
surface  oxide  layer,  if  any.  CH4  (10  SCCM)  and  NH3  (10  SCCM) 
were  then  introduced  into  the  tube  and  kept  flowing  for  5  min. 
The  graphene  coated  nickel  foam  was  then  rapidly  moved  away 
from  the  furnace  center  (1000  °C)  under  Ar  protection.  Upon 
cooling  down  to  room  temperature  (20  °C),  the  Ni  foam  covered 
with  N-doped  graphene  was  taken  out  of  the  furnace  tube  and 
drop-coated  with  a  poly(methyl  methacrylate)  (PMMA)  solution 
(6  M  in  toluene),  and  then  dried  at  180  °C  for  30  min,  resulting 
in  the  formation  of  a  thin  PMMA  film  on  the  graphene  surface 
(PMMA/N-GF @Ni)  to  prevent  possible  structural  failure  of  the 
resultant  N-GF  when  the  nickel  template  was  etched  away. 
Then,  nickel  was  removed  by  immersing  the  sample  in  a  HCl 
(3  M)  solution  at  70  °C  for  5  h  to  obtain  PMMA/N-GF.  Finally, 
the  free-standing  N-GF  was  obtained  by  dissolving  the  PMMA 
protective  layer  in  hot  acetone  at  55  °C. 

Preparation  of  B-doped  graphene  foams  (B-GFs)  by  CVD 

B-GFs  were  grown  by  the  conventional  CVD  method  using 
toluene  and  triethyl  borate  as  a  carbon  and  a  boron  source, 
respectively.10  Typically,  a  nickel  foam  was  heated  up  to  1000  °C 
in  a  horizontal  quartz  tube  under  Ar  (500  SCCM)  and  H2 
(200  SCCM)  and  kept  in  situ  for  5  min  to  clean  up  its  surface. 
Then,  a  toluene  solution  (1  ml)  containing  1  wt%  triethyl 
was  injected  within  5  minutes.  After  the  growth  process  was 
completed,  the  B-graphene  foam  was  quickly  removed  and 
subjected  to  the  same  treatment  as  described  above  to  remove 
the  nickel  template. 

Preparation  of  graphene  foams  co-doped  with  N  and  B 
(BN-GFs)  by  CVD 

Melamine  diborate,  synthesized  by  reacting  melamine  with 
boric  acid,10  was  used  as  a  precursor  for  synthesizing  BN-GF 
by  thermal  CVD.  Briefly,  melamine  diborate  was  prepared  by 
first  dissolving  melamine  (1  mmol)  in  deionized  water  at  80  °C, 
and  then  boric  acid  (2  mmol)  was  added  slowly  and  the 
temperature  was  maintained  at  80  °C  for  30  min  under  stirring. 
Thereafter,  the  mixture  solution  was  cooled  down  slowly  to 
allow  complete  precipitation  of  melamine  diborate,  followed  by 
filtration  and  overnight  drying  at  80  °C.  The  same  nickel  foam 
used  for  synthesizing  N-GF  by  CVD  was  used  as  the  template 
for  the  preparation  of  BN-GF.  In  a  typical  CVD  process,  the 
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melamine  diborate  precursor  and  nickel  foam  were  placed 
inside  a  quartz  tube  furnace.  Then,  the  temperature  of  the 
furnace  was  ramped  to  1000  °C  under  an  Ar/H2  flow  (100 : 100 
SCCM).  Thereafter,  the  nickel  foam  substrate  was  quickly 
moved  into  the  1000  °C  region  for  5  minutes  for  surface 
cleaning.  Then,  nitrogen  gas  was  introduced  into  the  quartz 
tube  and  melamine  diborate  was  moved  into  the  relatively  low 
temperature  region  (about  500  °C)  and  kept  for  3  minutes  to 
grow  the  BN-GF.  Upon  completion  of  the  growth  process,  the 
resultant  BN-GF  supported  by  the  nickel  substrate  was  removed 
quickly  from  the  reaction  zone  and  cooled  down  to  room 
temperature  under  Ar  flow.  The  resultant  BN-GF  covered  onto 
the  Ni  foam  substrate  was  subjected  to  the  same  PMMA  and 
HCl  treatments  to  remove  the  nickel  template,  as  is  the  case  for 
N-GF  [super  infra). 

Characterization 

Transmission  electron  microscopy  (TEM)  was  carried  out  using 
a  JEOL2100  high  resolution  transmission  electron  microscope 
operating  at  an  acceleration  voltage  of  200  kV.  Scanning  electron 
microscope  (SEM)  imaging  was  performed  using  a  JEOL  JSM- 
6510LV  scanning  electron  microscope.  SEM  energy-dispersive 
X-ray  (EDX)  mapping  was  performed  on  a  Focused  Ion  Beam 
Scanning  Electron  Microscope  (JIB  4500  MultiBeam).  X-ray  photo¬ 
electron  spectroscopic  (XPS)  measurements  were  performed  on  a 
VG  Microtech  ESCA  2000  using  a  monochromic  Al  X-ray  source 
(97.9  W,  93.9  eV).  X-ray  diffraction  (XRD)  was  performed  on  a 
Miniflex  Desktop  X-ray  Diffractometer.  Fourier  transform  infrared 
spectra  (FITR)  were  recorded  on  a  PerkinElmer  spectrum  GX  FTIR 
system.  The  thermogravimetric  analysis  (TGA)  was  carried  out  on 
a  TA  instrument  with  a  heating  rate  of  10  °C  in  nitrogen.  The 
Raman  spectra  were  collected  by  the  Raman  spectroscopy 
(Renishaw),  using  514  nm  laser. 

Electrochemical  measurements 

Electrochemical  measurements  were  conducted  on  a  computer- 
controlled  potentiostat  (CHI  760C,  CH  Instrument,  USA)  with  a 
three-electrode  electrochemical  cell.  A  platinum  wire  was  used 
as  the  counter  electrode  and  a  saturated  calomel  electrode 
(SCE)  as  the  reference  electrode.  All  the  experiments  were 
conducted  at  room  temperature  (25  ±  1  °C).  Graphene  foam 
was  directly  transferred  onto  the  GC  electrode,  followed  by 
casting  with  a  Nafion  solution  (0.05  wt%  in  isopropanol)  as  the 
binder.  Prior  to  electrochemical  measurements,  all  the  electrode 
materials  were  subjected  to  the  electrochemical  purification  to 
completely  remove  the  metal  catalyst  residues,  if  any,  according  to 
the  published  procedure.9  The  activity  of  the  electrocatalysts  was 
evaluated  by  the  cyclic  voltammetry  and  linear  sweep  voltammetry 
techniques  on  rotating  disk  electrodes  (RDE).  Durability  testing  of 
the  BN-GF  electrode  and  the  Pt/C  electrocatalyst  (Pt-C,  Pt:  45  wt%, 
Vulcan  XC-72R)  was  conducted  by  the  chronoamperometric  tech¬ 
nique  at  —0.25  V  (vs.  SCE)  in  an  oxygen-saturated  aqueous 
solution  of  0.1  M  KOH  for  up  to  20  000  s.  As  the  newly  developed 
3D  metal-free  ORR  catalysts  showed  very  high  electrocatalytic 
activities,  we  want  to  use  the  commercial  electrode  with  the 
highest  Pt  content  (45  wt%  Pt,  and  hence  the  highest  catalytic 
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activity)  as  reference,  rather  than  the  commonly  used  Pt-C, 
Pt:  20  wt%,  Vulcan  XC-72R. 

3.  Results  and  discussion 

Fig.  1  shows  photodigital  images  of  a  nickel  foam  before 
(Fig.  la)  and  after  (Fig.  lb)  the  growth  of  GF  co-doped  with  B 
and  N  elements.  Fig.  lc  is  the  scanning  electron  microscope 
(SEM)  image  of  pure  GF.  Fig.  ld-f  reproduce  the  SEM  images  of 
the  B-doped,  N-doped,  and  B,N  co-doped  GF,  respectively;  all 
show  well-defined  foam-like  microstructures. 

To  investigate  effects  of  the  heteroatom-doping  on  graphene 
foams,  Raman  spectra  of  all  the  as-prepared  graphene  foams 
were  measured  (Fig.  2a  and  Fig.  SI  in  ESF[).  As  can  be  seen  in 
Fig.  2a,  a  D-band  at  1365  cm-1  was  observed  for  all  the  doped 
graphene  foams  because  of  the  disordered  carbon  structures 
caused  by  incorporating  heteroatoms  into  the  graphene  struc¬ 
ture.  In  contrast,  there  is  no  D-band  for  GF,  indicating  a  well 
ordered  graphitic  structure  for  the  pure  graphene  foam.  An 
about  6  cm-1  shift  of  the  G  band  for  the  pure  graphene  foam 
(1581  cm-1)  to  the  G  band  of  BN-GF  (1587  cm-1)  was  observed 
due  to  the  structural  distortion  of  graphene  associated  with 
different  bond  lengths  of  C-C,  C-N,  and  C-B  induced  by 
doping,12,13  while  the  B-N  mode  in  BN-GF  overlapped  with 
the  D  band.14,15  The  appearance  of  a  relatively  weak  2D-band  at 
2720  cm-1  suggests  that  the  as-prepared  GF  contains  mainly  a 
few  layered  graphene  sheets,  though  the  presence  of  single¬ 
layer  graphene  sheets  cannot  be  ruled  out  ( vide  infra).  The 
appearance  of  a  D'  band  at  1620  cm-1  is  attributable  to  the 


Fig.  1  Photographs  of  a  nickel  foam  template  (a)  before  and  (b)  after  the 
growth  of  BN-GF,  and  (c)  SEM  image  of  a  free-standing  GF  after  removing  the 
nickel  template.  SEM  images  of  (d)  B-GF,  (e)  N-GF,  and  (f)  BN-GF. 


Paper 


Fig.  2  (a)  Raman  spectra,  (b)  XRD  profiles,  (c)  TGA  curves,  and  (d)  FTIR  spectra  of 
GF,  N-GF,  B-GF,  and  BN-GF. 


distortion  of  the  graphene  crystal  size  or  lattice  induced  by  the 
B  and/or  N  doping.16,17 

While  the  X-ray  diffraction  (XRD)  patterns  given  in  Fig.  2b 
show  a  strong  [002]  graphitic  peak  at  26. 5°, 18  indicating  a  high 
crystalline  degree  for  all  the  graphene  foams,  both  doped  and 
undoped,  the  corresponding  thermogravimetric  analysis  (TGA) 
curves  in  Fig.  2c  show  a  very  high  thermal  stability  for  all  of 
them  up  to  900  °C.  The  weight  loss  at  900  °C  for  BN-GF  is 
4.8  wt%,  which  is  slightly  higher  than  pure  GF  (2.3  wt%)  and 
N-GF  (2.5  wt%),  but  still  relatively  lower  than  B-GF  (18.1  wt%). 
This,  in  conjunction  with  the  D-band  intensities  seen  in  the 
Raman  spectra  (Fig.  2a),  indicates  that  defects  in  the  graphitic 
structure  play  an  important  role  in  regulating  their  thermal 
stabilities,  which  are  in  the  following  order  GF  >  N-GF  >  BN-GF  > 
B-GF.  The  corresponding  Fourier  transform  infrared  (FTIR) 
spectra  (Fig.  2d)  show  the  C-N  vibration  band  at  1580  cm-1 
for  both  N-GF  and  BN-GF,  along  with  the  peaks  at  1410  cm-1  and 
1085  cm-1  associated  with  the  hexagonal  boron  nitride  (h-BN) 
and  C-B  bond,  respectively,  in  BN-GF  and  B-GF.  The  h-BN  peak 
at  1400  cm-1  for  BN-GF  may  also  overlap  with  the  B-O  mode 
for  B-GF  and  BN-GF  (Fig.  2d,  cf  XPS  data  below).19  The  peak  at 
2800  cm-1  is  attributable  to  C-H,  indicating  H-termination  for 
the  graphene  foam  as  Ar/H2  was  used  as  the  gas  carrier  during 
the  CVD  process.  The  peak  at  3400  cm-1  can  be  assigned  to  -OH 
due  to  the  physically  adsorbed  moisture  from  air  and/or  the  use 
of  a  borate  source  as  a  boron  precursor. 

To  monitor  the  doping  levels,  we  carried  out  X-ray  photo¬ 
electron  spectroscopic  (XPS)  measurements.  The  XPS  spectrum 
of  the  undoped  GF  given  in  Fig.  3a  shows  the  C  Is  peak,  along 
with  a  very  weak,  but  noticeable,  O  Is  peak.  The  presence  of  a 
trace  amount  of  O  in  the  GF  sample  is  possibly  due  to  the 
incorporation  of  physically  adsorbed  oxygen  as  the  graphitic 
structure  is  known  to  be  susceptible  to  oxygen  absorption  even 
at  a  low  pressure.20  For  B-GF  and  BN-GF,  the  possibility  for 
some  of  the  O  in  the  borate  precursor  to  be  incorporated  into 
the  resultant  graphitic  network  cannot  be  ruled  out. 
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Fig.  3  (a)  XPS  survey  spectra  of  GF,  N-GF,  B-GF,  and  BN-GF.  Insets  in  (a)  represent  Fig.  4  (a)  SEM  image  of  BN-GF  and  the  corresponding  EDX  mapping  of  (b)  C,  (c) 

enlarged  regions  of  the  survey  spectra  around  B  Is  and  N  Is  peaks.  High-  B,  and  (d)  N  elements, 

resolution  XPS  spectra  of  (b)  C  Is,  (c)  N  Is,  and  (d)  B  Is  for  the  BN-GF. 


As  expected,  the  XPS  survey  spectra  for  N-GF  and  B-GF  show 
an  additional  N  Is  and  B  Is  peak,  respectively,  while  the 
corresponding  XPS  spectrum  for  NB-GF  reveals  both  N  Is  and 
B  Is  peaks  (Fig.  3a).  From  these  XPS  survey  spectra,  it  was 
found  that  the  N  content  in  N-GF  is  3.1  atom%,  B  content  in 
B-GF  is  2.1  atom%,  and  the  N  and  B  contents  in  NB-GF  are 
4.5  atom%  and  3  atom%,  respectively.  The  high-resolution  XPS 
C  Is  spectrum  of  BN-GF  is  given  in  Fig.  3b.  Similar  to  the  XPS 
spectra  of  BCN  nanotubes,10’21  the  C  Is  peak  can  be  resolved 
into  three  components  at  283.5  eV,  284.6  eV  and  286.3  eV, 
attributable  to  the  C-B,  C-C  and  C-N  bonds,  respectively  (no 
C-O  in  Fig.  3b  for  the  physically  adsorbed  oxygen).  Fig.  3c 
shows  the  high-resolution  XPS  N  Is  peak  of  BN-GF,  which  can 
be  fitted  to  two  components  at  398.5  eV  (N-B),  and  401.0  eV 
(N-C).  The  corresponding  high-resolution  B  Is  spectrum  in 
Fig.  3d  was  deconvoluted  into  the  B-C,  B-N  and  B-O  (from  the 
borate  precursor)  peaks  centered  at  around  189,  191,  and 
192  eV,  respectively,  with  the  B-N  being  a  dominant  component. 

Having  successfully  determined  the  chemical  composition 
by  XPS,  the  surface  distribution  of  C,  B,  and  N  elements  in 
BN-GF  was  investigated  by  energy-dispersive  X-ray  (EDX)  map¬ 
ping.  As  shown  in  Fig.  4,  a  uniform  distribution  has  been 
achieved  for  all  of  the  major  constituent  elements  in  the 
graphene  foam. 

Consistent  with  the  Raman  spectra  shown  in  Fig.  2a,  TEM 
images  in  Fig.  5  reveal  that  the  BN-GFs  are  mainly  composed  of 
multilayered  graphene  sheets  with  the  number  of  layers  typi¬ 
cally  less  than  five  (Fig.  5a  and  b).  The  selected  area  electron 
diffraction  patterns  (SAEDs)  (inset,  Fig.  5b)  show  sixfold  sym¬ 
metry  peaks  with  the  {2110}  spots  appearing  to  be  more  intense 
relative  to  the  {1100}  spots,  reflecting  a  few  layers  of  graphene 
sheets  with  high  crystallinity.22  Single  layer  graphene  sheets 
were  also  observed  in  some  cases,  as  indicated  by  the  corres¬ 
ponding  SAED  pattern  given  in  the  inset  of  Fig.  5c,  which  shows 
typical  well-defined  sixfold  symmetry  peaks  with  the  {1100} 
spots  being  more  intense  relative  to  the  {2110}  spots.22  Fig.  5e 
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Fig.  5  TEM  images  of  (a  and  b)  multilayer  BN-doped  graphene,  (c)  single  layer 
BN-doped  graphene  from  the  BN-GF.  The  insets  in  (b)  and  (c)  are  the  corres¬ 
ponding  SAED  patterns  in  different  locations,  (d)  The  model  schematic  structure 
for  BN-doped  graphene  with  the  black,  blue,  green  and  red  balls  representing 
carbon,  nitrogen,  oxygen  and  boron  atoms,  respectively,  (e)  Raman  spectra  of 
multilayer  and  single  layer  BN-doped  graphene  from  the  BN-GF. 


shows  typical  Raman  spectra  for  multi-  and  single-layered 
graphene  sheets  in  the  BN-GFs.  Based  on  the  above 
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microscopic  and  spectroscopic  analyses,  a  schematic  molec¬ 
ular  structure  was  drawn  in  Fig.  5d  for  the  BN-GF  as  a  working 
model. 

In  view  of  our  previous  work  on  the  use  of  B  and  N  co-doped 
vertically-aligned  carbon  nanotubes  (VA-BCNs)  as  the  electro¬ 
catalysts  for  oxygen  reduction,10  we  carried  out  the  following 
electrochemical  study.  In  particular,  we  compared  the  electro- 
catalytic  activity  toward  ORR  for  the  BN-GF  with  those  of  the 
undoped  GF,  B-GF,  N-GF,  and  a  commercial  platinum-carbon 
catalyst  (Pt-C,  Pt:  45  wt%,  Vulcan  XC-72R)  by  cyclic  voltam¬ 
metry  in  an  aqueous  solution  of  N2-saturated  or  02-saturated 
0.1  M  KOH  solution  at  a  scanning  rate  of  100  mV  s-1  (Fig.  6).  As 
can  be  seen  in  Fig.  6,  all  of  the  four  electrodes  based  on 
graphene  foam  materials  showed  substantial  reduction  current 
in  the  presence  of  oxygen,  whereas  no  noticeable  response  was 
observed  under  nitrogen.  Comparison  between  the  undoped 
GF  and  B-GF  or  N-GF  electrodes  shows  that  N-doping  signifi¬ 
cantly  improves  the  electrocatalytic  activity  towards  ORR  in 
terms  of  both  the  onset/peak  potentials  and  the  peak  current. 
As  is  the  case  for  VA-BCN,10  the  synergetic  effect  associated  with 
the  B-  and  N-co-doping  made  the  3D  BN-GF  electrode  to  be 
most  active  among  all  of  the  electrodes  used  in  this  study,  and 
even  slightly  better  than  the  Pt-C/GC  electrode  in  terms  of  the 
reduction  in  peak  current.  This  is  because  not  only  both  the 
isolated  N  and  B  atoms  can  act  as  active  sites  for  ORR  through 
charge  transfer  with  neighbouring  C  atoms,9,11’23-25  but  also 
interaction  between  adjacent  N  and  B  atoms  could  reduce  the 
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Fig.  6  Typical  cyclic  voltammograms  for  the  ORR  at  (a)  the  GF/GC  electrode,  (b) 
the  B-GF/GC,  (c)  the  N-GF/GC  electrode,  (d)  the  BN-GF/GC  electrode,  and  (e)  the 
Pt-C/GC  electrode  in  a  l\l2-satu rated  or  02-saturated  0.10  M  KOH  solution.  Scan 
rate:  100  mV  s-1. 
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bandgap  energy  to  further  facilitate  the  ORR  performance  of 
the  BN-GF  electrode.10  Besides,  B-  and  N-co-doping  could  also 
enhance  the  electroactive  surface  area  significantly  (Fig.  S2  and 
the  associated  discussion  in  ESI|).  A  possible  influence  of  the 
oxygen  incorporation  into  the  graphitic  network  from  the 
borate  precursor  on  the  ORR  performance  was  shown  to  be 
insignificant  due,  most  probably,  to  its  relatively  low  content 
(Fig.  3d). 

To  examine  possible  cross-over  effects,  we  measured  the 
electrocatalytic  selectivity  of  the  BN-GF  and  the  commercial 
Pt-C  electrodes  against  the  electrooxidation  of  methanol  by 
cyclic  voltammetry  in  an  02-saturated  0.1  M  KOH  solution  with 
1  M  methanol.10  As  can  be  seen  in  Fig.  7a,  the  cathodic  signals 
toward  the  ORR  at  about  —0.12  V  disappeared  in  the  CV  curves 
of  the  Pt-C/GC  electrode  upon  addition  of  1  M  methanol  into 
the  02-saturated  0.1  M  KOH  solution.  At  the  same  time,  the 
current  intensity  corresponding  to  methanol  oxidation  at  the 
Pt-C/GC  electrode  reached  7.8  mA  cm-2  at  -0.03  V.  However, 
no  obvious  change  was  observed  for  the  BN-GF/GC  electrode 
under  the  same  conditions  (Fig.  7b).  These  results  clearly 
indicate  that  the  BN-GF  catalyst  possesses  a  high  catalytic 
activity  toward  the  ORR  and  is  almost  free  from  the  cross-over 
effect. 

To  gain  further  insights  into  the  role  of  the  BN-GF  catalyst 
during  the  ORR  process,  we  performed  linear  sweep  voltam- 
metric  measurements  on  the  GF,  B-GF,  N-GF,  BN-GF,  and 


Potential  (V)  vs  SCE 

Fig.  7  Typical  cyclic  voltammograms  for  (a)  the  Pt-C/GC  electrode  and  (b) 
the  BN-GF/GC  electrode  in  an  oxygen-saturated  0.1  M  KOH  solution  or  an 
oxygen-saturated  0.1  M  solution  of  KOH  upon  addition  of  CH3OH  (1  M).  Scan 
rate:  100  mV  s-1. 
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Fig.  8  (a)  RDE  voltammograms  of  the  undoped  GF/GC  electrode,  the 
B-GF/GC  electrode,  the  N-GF/GC  electrode,  the  BN-GF/GC  electrode,  and  the 
Pt-C/GC  electrode  in  an  oxygen  saturated  0.1  M  KOH  solution  at  a  rotation 
rate  of  1600  rpm.  Scan  rate:  10  mV  s_1.  (b)  RDE  voltammograms  of  the 
BN-GF/GC  electrode  in  an  02-saturated,  0.1  M  KOH  solution  at  a  scan  rate  of 
10  mV  s-1,  and  at  different  rotation  rates,  (c)  Koutecky-Levich  plot  of  y_1  versus 
co_1 72  at  different  electrode  potentials  of  -0.25,  -0.30,  -0.35,  and  -0.40  V, 
(d)  the  dependence  of  transferred  electron  number  (n)  on  the  potential.  The 
experimental  data  were  obtained  from  (c).  (e)  RRDE  voltammograms  of 
the  BN-GF/GC  electrode  in  an  02-saturated  0.1  M  KOH  solution  at  a  scan  rate 
of  10  mV  s-1  at  1600  rpm. 


the  commercial  Pt-C  catalysts  in  an  aqueous  solution  of 
02-saturated  0.1  M  KOH  at  a  rotation  rate  of  1600  rpm  and  a 
scan  rate  of  10  mV  s-1.  As  can  be  seen  in  Fig.  8a,  the  onset 
potential  of  the  BN-GF/GC  electrode  for  the  ORR  is  at  approxi¬ 
mately  —0.16  V,  which  is  more  positive  than  those  of  the  N-GF/ 
GC  electrode  (-0.19  V)  and  the  B-GF/GC  electrode  (-0.28  V)  as 
well  as  the  undoped  GF/GC  electrode  (-0.39  V).  Besides,  the 
diffusion  current  density  from  the  BN-GF/GC  electrode  is  also 
much  higher  than  those  of  the  N-GF/GC  and  GF/GC  electrodes. 
Once  again,  these  results  indicate  that  the  BN-GF  electrocata¬ 
lyst  showed  the  highest  electrocatalytic  activity  towards  ORR 
among  all  graphene  foam  electrodes  studied  in  the  present 
work.  Although  the  onset  potential  for  the  BN-GF/GC  electrode 
( ca .  -0.16  V)  is  still  more  negative  than  that  for  the  Pt-C/GC 
electrode  (ca.  -0.01  V),  the  BN-GF/GC  electrode  exhibited  a 
higher  oxygen  reduction  current  density  with  respect  to  the  Pt- 
C/GC.  In  addition  to  the  synergetic  effect  arising  from  the  B  and 
N  co-doping,  the  3D  foam  structure  with  a  well-defined  porosity 
and  large  surface  area  could  have  also  facilitated  the  electrolyte/ 
reactant  diffusion  to  enhance  the  reduction  current,  as  is  the 
case  for  VA-NCNTs.9 

We  further  investigated  the  reaction  kinetics  by  rotating- 
disk  voltammetry  (Fig.  8b).  As  expected,  the  current  density 
increased  as  the  rotation  rate  increased  (from  100  to  1600  rpm). 
The  transferred  electron  number  per  oxygen  molecule  involved 


in  the  ORR  process  was  determined  by  Koutecky-Levich  equa¬ 
tion,  which  relates  the  current  density  j  to  the  rotation  rate  co  of 
the  electrode. 


1  _  1  1 

j  jk  +  Ba °-5 


(1) 


where  jk  is  the  kinetic  current  density  and  B  is  expressed  by  the 
following  expression: 

B  =  0.2nF[Dof,3v~1,6CO2  (2) 

where  n  represents  the  number  of  electrons  transferred  per 
oxygen  molecule;  F  is  the  Faraday  constant  (F  =  96  485  C  mol-1); 
Dq2  is  the  diffusion  coefficient  of  02  in  0.1  M  KOH  (1.9  x 
10-5  cm2  s-1);  v  is  the  kinematic  viscosity  of  the  electrolyte 
solution  (0.01  cm2  s-1);  Cq2  is  the  concentration  of  dissolved  02 
(1.2  x  10-6  mol  cm-3).  The  constant  0.2  is  adopted  when  the 
rotation  speed  is  expressed  in  rpm. 

The  corresponding  Koutecky-Levich  plots  (j-1  vs.  co-1/2)  at 
various  electrode  potentials  exhibited  a  good  linearity  (Fig.  8c), 
indicating  a  first-order  reaction  kinetics  with  respect  to  the 
concentration  of  dissolved  02.  The  n  value  for  the  BN-GF  was 
derived  to  be  3. 4-3. 8  at  the  potential  ranging  from  -0.2  to 
-0.5  V  (Fig.  8d),  suggesting  a  four-electron  process  for  ORR  on 
the  BN-GF  electrode.  This  is  further  confirmed  by  the  negligible 
ring  current  recorded  at  a  Pt  rotating  ring-disk  electrode9 
(RRDE,  Fig.  8e). 

To  evaluate  the  stability  of  the  BN-GF  ORR  catalyst  with 
respect  to  the  commercial  Pt-C  electrode,  we  test  their  stability 
at  a  constant  voltage  of  -0.25  V  for  20  000  s  in  a  0.1  M  KOH 
solution  saturated  with  02  at  a  rotation  rate  of  1600  rpm 
(Fig.  9).  As  can  be  seen,  the  current-time  (i-t)  chronoampero- 
metric  response  for  the  BN-GF/GC  electrode  exhibited  a  very 
slow  attenuation  with  a  high  current  retention  (89%)  after 
20  000  s.  In  contrast,  the  Pt-C/GC  electrode  exhibited  a  much 
faster  current  decrease  with  an  approximately  40%  current  loss 
after  20  000  s.  Thus,  the  BN-GF  catalyst  is  more  stable  than  the 
noble  Pt  catalyst  toward  ORR  in  alkaline  medium.  To  examine 
the  CO  poisoning  effect,  a  CO  gas  was  introduced  into  the 
electrolyte.  As  is  shown  in  Fig.  9b,  the  BN-GF/GC  electrode  was 
insensitive  to  CO,  whereas  the  Pt/C  electrode  was  rapidly 
poisoned  under  the  same  conditions. 


Fig.  9  (a)  Current-time  (/— t)  chronoamperometric  response  of  the  BN-GF/GC 
electrode,  and  the  Pt-C/GC  electrode  at  -0.25  V  in  02-saturated  0.1 0  M  KOH.  (b) 
Current-time  (/— t)  chronoamperometric  response  of  the  BN-GF/GC  electrode,  and 
the  Pt-C/GC  electrode  upon  introduction  of  CO  after  about  150  s  at  -0.25  V. 
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4.  Conclusions 

In  summary,  we  have  demonstrated  the  first  CVD  synthesis  of  a 
new  class  of  graphene  foams  (GFs)  doped  with  nitrogen,  boron 
or  both.  Various  microscopic  and  spectroscopic  investigations, 
including  SEM,  TEM,  FTIR,  XRD,  XPS,  and  Raman,  revealed 
foam-like  microstructures  with  well-defined  chemical  composi¬ 
tions  for  the  resultant  N-GFs,  B-GFs,  and  BN-GFs.  TGA  analyses 
indicated  a  good  thermal  stability  while  electrochemical  mea¬ 
surements  showed  high  electrocatalytic  activities  for  oxygen 
reduction  reaction  with  a  higher  current  generation  capability, 
better  stability,  and  superior  tolerance  to  the  methanol  cross¬ 
over  effect  with  respect  to  commercial  platinum  catalysts. 
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